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Abstract: The physics of the moving contact line of an impacting droplet is widely applied in a
variety of domains in rapidly advancing healthcare technology and medicine. The behavior of the
dynamic contact line after impact of a biologically active droplet on a complex material surface
involves complicated solid–liquid and liquid–gas interfacial interactions. Therefore, a deep under-
standing of such complex droplet contact line dynamics by applying the current physical models and
state-of-the-art nanotechnology and artificial neural networks can be one of the ongoing promising
interests in the field of interfacial physics. This review provides an overview of several scientific
aspects of contact line dynamics of an impacting droplet and its influence on the current developed
healthcare technology and medicine. Firstly, the potential applications in modern healthcare and
personalized medicine are listed and discussed. Secondly, the theory of the moving contact line and
the fundamental physical parameters related to the motion of impacting droplets are introduced.
Afterwards, the current physical models of moving contact line dynamics are critically explained by
emphasizing their limitations. Finally, current concerns and obstacles are summarized, and future
perspectives and research directions are outlined to address poorly understood and conflicting issues.
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1. Introduction

Droplet impact is a common physical phenomenon in daily life. The frequent examples
in nature are rainfall on the ground and a coffee stain. Droplet impingement on a solid
surface has shown numerous applications in various scientific fields, including healthcare,
medicine, aerospace, electronics, food processing, smart materials, coatings, printings,
microfluidics, and nanofluidics [1–314].

The physics of droplet impact on various surfaces has been the center of attention
in the scientific community during the pandemic for efficient prevention of the spread of
the COVID-19 virus-laden droplets in society [234,245]. Rapidly advancing scientific and
commercialization efforts around the world in state-of-the-art droplet-based bioprinting
have revolutionized personalized medicine, covering various applications that include gene-
expression analysis, single-cell printing, individualized diagnosis and drug therapy, and
functional nanobiomaterials [85,92,96,101,105,126,152,170,178,194,215,217,218,247,289,307].

Furthermore, skin-interface wireless wearable electrochemical biosensors, which
are an emerging technology, are fabricated by the innovative three-dimensional printing
of bioelectrically conducting droplets on soft biocompatible materials for the possibility
of real-time health surveillance. A popular example is electrochemical biosensors for
peripheral biochemical, nutrition, and metabolite monitoring and control for every spe-
cific patient [260–268,312,314]. This highly precise, personalized healthcare technology
is critically dependent on how accurate the active complex nano- and microbiodroplets
are being deposited on the complex biocompatible and/or biodegradable elastic soft
stretchable materials.
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Despite more than a century of scientific study on droplet impact physics, there has
not been a comprehensive understanding of this rapid physical process until the recent
emergence of high-speed imaging techniques and the help of advanced computational
tools [1–314]. These technologies significantly facilitate better interpretation of droplet
impact physics [17,68–70,135,137,138,223,273–275,281]. The droplet impact on a solid sur-
face consists of the following physical events: spreading and deposition, receding and
breakup, prompt splash, corona splash, partial bounce, and complete bounce as shown in
Figure 1 [5,16,17,52,54,98–130]. For numerous applications, such as printed electronics and
smart materials for healthcare and medicine, a great understanding of droplet spreading
after impact on a solid surface is the main concern for the purpose of high quality and
precise functionality demands.
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Figure 1. The physical events after droplet impact on a solid surface [11,104,253]. Reprinted from
The Journal of Fluid Mechanics, 668, Villermaux, E. and Bossa, B. “Droplet fragmentation on impact”,
412–435, Copyright (2011), with permission from Cambridge University Press. Reprinted from
Langmuir, 33, Malla, L. K., Patil, N. D., Bhardwaj, R., and Neild, A. “Droplet bouncing and breakup
during impact on a microgrooved surface”, 9620–9631, Copyright (2017), with permission of American
Chemical Society. Reprinted from Journal of Colloid and Interface Science, 553, Almohammadi, H.
and Amirfazli, A. “Droplet impact: viscosity and wettability effects on splashing”, 22–30, Copyright
(2019), with permission from Elsevier. Spreading and deposition: silicone oil droplet with kinematic
viscosity of 1 cSt and impact velocity of 1.4 m/s; Prompt splashing: glycerol–water droplet with
kinematic viscosity of 2 cSt and impact velocity of 2.8 m/s; Corona splashing: silicone oil droplet
with kinematic viscosity of 1 cSt and impact velocity of 2.5 m/s; Complete bouncing: time interval
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between the first and second images is 1 ms, from second image up to sixth image, the time interval
is 2 ms, and the time interval between the last three images is 1.33 ms, impact velocity is 0.52 m/s,
the Weber number is 6.5, and the water droplet diameter is 1.7 mm; Partial bouncing: time interval
between the first and second images is 1 ms, from second image up to sixth image, the time interval
is 2 ms, and the time interval between the last three images is 1.33 ms, impact velocity is 0.82 m/s,
the Weber number is 16.2, and the water droplet diameter is 1.7 mm; Droplet fragmentation: time
interval between the images is 10 ms, and the Weber number is 490.

This review provides the importance of this field of science (i.e., physics of droplet
spreading) on the future of personalized healthcare and medicine in a wide range of areas,
including bioprinting and advanced biosensors. Next, this review provides a summary
of the prominent physical factors related to droplet spreading after impact. Moreover, it
presents the current physical models along with their strengths and weaknesses that can be
used to explain the physics of droplet spreading in healthcare and medicine. Finally, future
research directions in this field are provided, considering the complexities of the droplets
and solid surfaces along with recent advancements in nanotechnology, such as atomic force
microscopy, cryogenic electron microscopy, and state-of-the-art neural networks.

2. Applications: Healthcare and Medicine
2.1. Three-Dimensional (3D) Bioprinting

Depositing tiny specialized biological droplets onto biocompatible materials with
complex geometry and advanced thermal and mechanical properties to fabricate highly
sensitive advanced functional biological 3D structures has been of considerable research
interest because of its wide range of applications in personalized healthcare technology and
medicine (Figure 2a). Figure 2a depicts the multiple stages of printing an array of biological
droplets on a substrate via applying the droplet-impact printing approach. The biological
droplets can contain various biological solutions, such as live cells, DNA, virus, and
bacteria. This technique is strongly applicable for various biomedical research, including
cell culture-based studies. The coated substrate can have various wettability ranging from
superhydrophilic to superhydrophobic.

It is important to emphasize that, in bioprinting technology, the size of the biological
droplets is commonly in the order of tens of micrometers in diameter. This experimental
procedure is known as 3D bioprinting in which the biological droplets are commonly
made of active biochemicals, living cells, proteins, peptides, enzymes, hormones, etc. [69,
76,78,79,87–90,94,95,111–114,158,187–194,197–201,203–214,222–224,232,233,255–259]. In
biological research, room temperature bioprinting of arrays of droplets made of bacteria,
DNA, cells, various biopolymers, and proteins for gene expression studies and single-
cell bioprinting for fundamental cellular biology are of high interest for the scientific
community [204–206,225,255–259].

There are various methods of 3D bioprinting: droplet-based, extrusion-based, laser-
based, and polymerization [69–76,78,79,204–214,225]. However, the high demand for
precision, stretch ability, financial affordability, biocompatibility, reliability, and high-
throughput fabrication of printed biological droplets strengthens the 3D droplet-based
bioprinting [69–75,158,200,204–214,225].

Three-dimensional droplet-based bioprinting is an innovative and rapid technique to
generate functional biological materials, such as cell laden 3D conformations for various
clinical and healthcare applications [69]. The need for the 3D droplet-based bioprinting
technique is supported by the numerous emerging medical application fields, including
patient-specific artificial organs and tissues, regenerative medicine, high-throughput gene
sequencing, pharmaceutical drug testing, 3D dental prostheses with specific architectures,
3D single-cell laden printing on stretchable and elastic materials, and physiological and
pathological modeling [69–76,78,79,158,200,204–214,255–268].

It is extremely vital that the printed impacting biological droplet on a biocompatible
material is perfectly isolated from other droplets to create a high bioprinting resolution
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and precision [69,76,78,79,158,200,204–214,255–268]. Therefore, it is of great interest to gain
deep insight on the physical mechanism and criteria that fully control the droplet spreading
dynamics after impact and avoid any undesired splashing to maximize the bioprinting
performance [69,76,78,79,158,200,204–214,225,255–268]. When spreading is not controllable
in a process, barrier structures are often placed on the substrate via techniques such as
lithography or stamping.

The essential requirement for 3D droplet-based bioprinting is to print biological
ink droplets with detailed control to generate an error-free 3D pattern and shape of the
biological sample on a biocompatible material. Thus, a detailed understanding of the
physics of droplet spreading after impact on the material is crucial as it provides insights
regarding 3D droplet-based bioprinting resolution and structural integrity and reliabil-
ity [69,76,78,79,158,204–214,225,255–268].

2.2. Wearable/Portable/Implantable Biosensors

Wearable and portable biosensors have tremendous roles on numerous areas of per-
sonalized and precision medicine (Figure 2b,c) [58,59,69–72,195,234–245]. They can be used
for the following: (1) medical diagnostic and monitoring on-chip devices; (2) medical
diagnostic, monitoring, and therapeutic implants; (3) remote medical tracking systems; and
(4) nanoscale-engineered smart and biocompatible medical materials.

More detailed examples of the personalized biomedical applications are as follows:
(i) epidermal biosensors made of electrodes on flexible or stretchable substrates for energy
harvesting and storage [315–319]; (ii) wearable integrated, real-time sweat monitoring
biosensors that provide electrochemical swart information, such as lactate, uric acid, tyro-
sine, sodium, potassium, chloride, ammonia, glucose, and pH of the patient for the medical
specialist [261,320–328]; and (iii) wearable biosensors that are applicable for monitoring
tears and saliva of patients for healthcare and/or biomedical research to detect glucose and
lactate [329–338].

The localization, tracking, and monitoring of smart ingestible biocompatible pills
equipped with printed microdevices with nanobioelectronic ink droplets in the gastroin-
testinal tract are extremely precious for the diagnostics and treatment of gastrointestinal
tract complications [58,59,69–76,234–245,255–268]. Such devices require high resolution
and extremely controllable and precise nanoprinting of the active complex droplets in the
wireless monitoring microdevice.

Considering the recent space race between countries, significant research started to
participate in studies of human health during long-duration deep-space missions. Instan-
taneous and precise detection of stress and anxiety is crucial in human performance by
controlling the mental health of the space passengers. Therefore, the development of wear-
able biosensors that have the potential of collecting physiological data such as deep-space
stress and anxiety from the astronauts is extremely vital [195]. These advanced wearable
biosensors are produced by printing biopolymer ink micro- or nanodroplets with electrical
properties on flexible and biocompatible copolymer substrates.

One of the very popular areas of medical research is 3D-printed epifluidic electronic
skin devices, which operate via the power of neural networks, for real-time health monitor-
ing of each patient’s physiological conditions, such as temperature, pulse, sweat, etc. [69].
These wearable sensors are produced by printing complex nanodroplets that are com-
posed of various chemical components, such as numerous polymers, inorganic compounds,
and numerous composites, on stretchable biocompatible substrates. These devices are
equipped with a wireless electronic module, which is printed by nanoelectronic droplets,
to remotely operate.
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Figure 2. (a) State-of-the-art bioprinting technique based on the bioinspired droplet impact on var-
ious materials [225]. (b) Smart wireless wearable, flexible, integrated biosensing array on an 

Figure 2. (a) State-of-the-art bioprinting technique based on the bioinspired droplet impact on
various materials [225]. (b) Smart wireless wearable, flexible, integrated biosensing array on an
individual’s wrist for monitoring sweat data [319]. (c) Omniphobic paper-based smart bandages that
monitor uric acid and pH level in the location of injury of the patient [261]. Reprinted from Nature
Communications, 11, Modak, C. D., Kumar, A., Tripathy, A., and Sen, P. “Drop impact printing”, 4327,
Copyright (2020), with permission of Springer Nature. Reprinted from Biosensors and Bioelectronics,
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117, Pal, A., Goswami, D., Cuellar, H.E., Castro, B., Kuang, S., Martinez, R.V. “Early detection and
monitoring of chronic wounds using low-cost, omniphobic paper-based smart bandages”, 696–705,
Copyright (2018), with permission of Elsevier. Reprinted from Nature, 529, Gao, W., Emaminejad, S.,
Nyein, H.Y.Y., Challa, S., Chen, K., Peck, A., Fahad, H.M., Ota, H., Shiraki, H., Kiriya, D., Lien, D.H.,
Brooks, G.A., Davis, R.W., Javey, A. “ Fully integrated wearable sensor arrays for multiplexed in situ
perspiration analysis”, 509–514, Copyright (2016), with permission of Springer Nature.

3. Droplet Motion on a Solid Surface
3.1. Contact Line

Once a droplet touches a solid surface, the contact line forms where the solid, liquid,
and gas phases coexist (Figure 3a). After impact, the contact line moves on the solid
surface. The level of contact line advancement on the solid surface is known as wettability.
Wettability depends on the relative significance of the adhesive and the cohesive forces along
the contact line [2,4,6,9,10,12,14,15,32,33,45,50,199,249,250]. The adhesive force promotes
droplet advancement, whereas the cohesive forces resist the contact line motion. The physics
of the moving contact line is important in various scientific fields, such as coatings, printings,
microfluidics, energy, healthcare, and medicine [2,4,6,9,10,12,14,15,32,33,45,50,199,249,250,
255–268].
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3.2. Contact Angle: Static and Dynamic

The dynamic contact angle (θD) is the angle between the liquid–air interface and the
solid–liquid interface formed at the moving contact line [2,4,6,9,10,12,14,15,32,33,45,50].
Once the contact line becomes stationary, the contact angle reaches equilibrium and becomes
static. The static contact angle (θ0) is determined by Young’s law, which is about the balance
of the interfacial forces along the surface, as shown by Equation (1) [63]:

γLVcos θ0 = (γSV − γSL) (1)

in which γLV denotes the liquid–air surface tension, γSV presents the solid–air interfacial
tension, and γSL is the solid–liquid interfacial tension (Figure 3b).

The static contact angle less than 90◦ represents a hydrophilic surface, the static contact
angle between 90◦ and 150◦ presents a hydrophobic surface, and the static contact angle
larger than 150◦ denotes a superhydrophobic surface. Depending on the direction of the
motion of the moving contact line, such as droplet impact on an inclined surface, there are
two types of contact angles: the advancing contact angle θa and the receding contact angle
θr (Figure 3c). The difference between these two contact angles represents the contact angle
hysteresis, which presents the geometric/chemical heterogeneity of the solid surface [35].

3.3. Contact Angle Modes: Wenzel, Cassie–Baxter, and Mixed

When a droplet impacts on a rough solid surface, one of the following theoretical
models are valid: the Wenzel model and Cassie–Baxter model [160–162]. The Wenzel model
states that the roughness on the solid surface increases the liquid–solid contact area by
filling air pockets with liquid (Figure 4). Therefore, the contact angle in the Wenzel mode is
determined by Equation (2):

cos θWenzel = χcos θe (2)

θWenzel is the Wenzel static contact angle, and θe denotes the static contact angle on
the horizontal smooth solid surface defined by Young’s equation. χ presents the surface
roughness, which signifies the ratio of the effective solid–liquid contact area to the projected
droplet surface area on the rough surface (χ > 1).
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In the Cassie and Baxter mode, air pockets are presented between the droplet and the
rough surface [161,162], as described by Equation (3) (Figure 4):

cos θCassie−Baxter = ϕ(cos θe + 1)− 1 (3)

θCassie−Baxter denotes the Cassie–Baxter static contact angle, and ϕ is the fraction of the
solid surface in contact with the droplet. The Cassie–Baxter model is suitable for the droplet
impact on a solid surface with chemical and/or geometric heterogeneity [68,69,72,133,163–196].

The existence of an alternative mixed mode has also been proposed in which part of
the impacting droplet is in direct contact with the rough surface and its rest is held totally or
partially on top of the air pockets (Figure 4) [197–199]. The mixed contact angle is defined
by Equation (4):

cos θmixed_wetting = χψcos θe +ψ− 1 (4)

in which ψ represents the percentage of the droplet-surface contact area.

3.4. Contact Line Dynamics

The dynamics of the moving contact line are defined by the complex relation between
the dynamic contact angle (θD), the moving contact line velocity (u), the equilibrium
receding contact angle (θ0r), the equilibrium advancing contact angle (θ0a), and several
other physical parameters (δ): F = f(θD, u, θ0a, θ0,r, δ) [3,7,8,23,33,39]. To explain the
physics of the moving contact line, one must divide the vicinity of the contact line into three
regions: macroscopic (outer region), mesoscopic (intermediate region), and microscopic
(inner region), as illustrated in Figure 5 [2–4,6–10,12,14,15,23,32,33,39,45,50,113–115,117–
119,199,249,250,255–268].
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3.4. Contact Line Dynamics 
The dynamics of the moving contact line are defined by the complex relation between 

the dynamic contact angle (θୈ), the moving contact line velocity (u), the equilibrium re-
ceding contact angle (θ଴୰ ), the equilibrium advancing contact angle (θ଴ୟ ), and several 
other physical parameters (δ): F = f൫θୈ, u, θ଴ୟ, θ଴,୰, δ൯ [3,7,8,23,33,39]. To explain the phys-
ics of the moving contact line, one must divide the vicinity of the contact line into three 
regions: macroscopic (outer region), mesoscopic (intermediate region), and microscopic 
(inner region), as illustrated in Figure 5 [2–4,6–10,12,14,15,23,32,33,39,45,50,113–115,117–
119,199,249,250,255–268]. 

 
Figure 5. Three regions of the moving contact line with zoom in condition.
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3.5. Physical Forces and Non-Dimensional Parameters

The physics of droplet impact on a solid surface is governed by three factors: the
physical properties of the droplet and gaseous environment as well as the wettability of
the solid surface. These factors can be defined by four physical forces: inertia, viscous,
interfacial, and gravity [17,55–57,120,144,157,201,208,218,246–271]. Viscous force resists the
droplet motion on the substrate through the viscous dissipation process. The interfacial
tension denotes the droplet elasticity. The importance of gravity depends on the ratio of
the droplet size and the capillary length (

√
σ/(ρg)) in which ρ denotes droplet density,

σ presents the surface tension, and g is the gravitational acceleration. Depending on the
physical system, some external forces may be important to consider, such as the electric
and magnetic fields and acoustic waves.

These physical forces can identify the physics of the droplet contact line after impact
on a solid surface via the appropriate dimensionless parameters. These dimensionless
parameters are the Reynolds number (Re), the Weber number (We), the Ohnesorge number
(Oh), the capillary number (Ca), the Stokes number (St), the Bond number (Bo), the Froude
number (Fr), the Weissenberg number (Wi), the Deborah number (De), and the elasto-
capillary number (Ec) [17,68,69,253,254,272–279]. If any external force presents in the
problem, additional dimensionless numbers can be introduced in the physics of the droplet
contact line [8,11,17,33,54,68,69,104,105,253,254,272–279].

The Reynolds number is defined as the ratio of the inertia over the viscous force:
Re = ρUD/µ. The Weber number describes the relative significance of inertia over the
capillary force: We = ρU2D/σ. The Ohnesorge number shows the balance between three
physical forces (inertia, viscous force, and capillary force): Oh = µ/

√
ρσD. The capillary

number signifies the relative importance of viscous force over capillary force: Ca = µU/σ.
The Stokes number is defined as the relative importance of gas viscosity (µg) over the
inertia: St = µg/ρUD. The Bond number determines the relative effect of gravity over
the capillary force: Bo = ρgD2/σ. The Froude number defines the ratio of the inertia
over gravity: Fr = U/

√
gD. The Weissenberg number highlights the relative importance

of elasticity over viscosity: Wi = 2
.
γλ, where

.
γ presents the shear rate of strain and λ

denotes the relaxation time. The Deborah number defines the ratio of the relaxation time
over characteristic time scale of the physical problem (tc): De = λ/tc. The elasto-capillary
number defines the relative significance of Ec = 2

.
γλµU/σ. In these equations, which

define the dimensionless numbers, µ is the droplet viscosity, ρ denotes the droplet density,
D presents the droplet diameter, and U is the droplet contact line velocity. σ is the droplet
surface tension.

The non-dimensional parameters are commonly used to categorize physical phe-
nomena. The capillary length is used to distinguish between small and large droplets by
providing physical meaning to small and large size in the droplet impact dynamics. The
Reynolds number and Weber number are applied to verify the possibility of a splashing
event in the droplet impact mechanism. The Bond number provides an insight to whether
gravity is important in the physical situation. The Weissenberg number, Deborah number,
and elasto-capillary number signify the viscoelasticity effect in the droplet impact physics.

3.6. Maximum Spreading Parameter

The maximum area over which the impacting droplet covers on a solid surface is
denoted by a non-dimensional parameter known as the maximum spreading parameter
(γmax). The maximum spreading is defined as the maximum area that can be covered
by the impacting droplet when the droplet reaches equilibrium on the solid surface and
does not retract or leave the surface afterwards. The maximum spreading parameter
has commonly been used to characterize the dynamics of the spreading of the impacting
droplet [55–57,120,144,218,255–269]. The maximum spreading parameter is defined as the
ratio of the droplet size at the end of spreading, Ds, over the initial droplet size, Di.

Previous studies have attempted to formulate the maximum spreading parameter via
other non-dimensional numbers. Laan et al. (2014) provided a list of the previous studies
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in which they attempted to identify the maximum spreading parameter [75]. All these
formulas were obtained based on theoretical analyses or experimental observations and by
applying the three conservation laws: mass, momentum, and energy. They all concluded
that the maximum spreading parameter depends on three non-dimensional parameters (i.e.,
Reynolds number, Weber number, and Ohnesorge number) as well as the Young static and
dynamic contact angles. Furthermore, they found that these dependencies are in the power
law: γmax ≈ f

(
Rel, Wem, Ohn, θ0, θD

)
. It is important to note that, in all these studies, the

droplet is assumed to not splash after impact on the solid surface. It is worth emphasizing
that the calculated values of the maximum spreading parameter from all previous studies
might differ from what is observed in the real physical situation. The formulas, which
were obtained from all previous works, are only valid within certain limits and cannot be
applied for complex droplets on real substrates.

It is important to mention that these findings only provide approximations for the
maximum spreading parameter, since the level of accuracy is limited due to the limitation
in observations caused by constraints in speed and resolution of imaging. Nevertheless,
in healthcare and medicine, these formulas will not work as it is vital to have a high
precision and accuracy to control the degree of spreading. Moreover, these findings are
all applied for droplet impact on a rigid solid surface. In real applications, including
healthcare and medicine, the solid is mostly flexible and heterogenous in terms of chemistry
and geometry. Therefore, all these formulas need to be revisited by consideration of
more practical surfaces and ultra-fast imaging techniques with very high resolutions in
subangstrom, such as cryogenic electron microscopy. When high precision is required, one
needs to add geometrical features on the substrate to control spreading. These features can
be added by means of several techniques, including lithography or stamping [73].

4. Physical Models of Contact Line Dynamics

The physics of the moving contact line in various situations has been studied through a
large number of theoretical, experimental, and numerical efforts [2–4,6–10,12,14,15,23,32,33,
39,45,50,72,113–115,117–119,133,160–196,199,249,250,255–268]. The contact line dynamics
involve the fluid dynamics and the interfacial physics [3,7,8,23,33,39]. The physics of the
moving contact line has been commonly explained through the dependency of the dynamic
contact angle to the contact line velocity along with the advancing and receding static con-
tact angles [68,69,72,133,160–196]. There are six main physical models that conventionally
explain the physics of the moving contact line: molecular kinetic (MK), hydrodynam-
ics (HD), combined (MK–HD), precursor film, Shikhmurzaev, and Cahn–Hilliard–van
der Waals.

4.1. Molecular Kinetic Model

Molecular kinetic theory explains the molecular dynamics at the vicinity of the dy-
namic contact in the microscopic region [3,114,115]. In molecular kinetic theory, it is
postulated that liquid molecules in the microscopic region jump on the adsorption sites
situated on the solid surface at the vicinity of the contact line (Figure 6). These molecular
activities are controlled by the power of the energy barriers, which resist the contact line
motion. In the molecular kinetic model, the physics of the moving contact line is formulated
by the dependency of the contact line velocity to two molecular parameters, the frequency
of the molecular dynamics (κ0) and the distance between the adsorption sites (λ) at the
contact line, as shown in Equation (5) [3,114,115]:

U = 2κ0λsinh

{
±σλ2[cos θ0 − cos θD]

2kBT

}
(5)
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Figure 6. Schematic representation of the molecular kinetic theory to describe the physics of the
moving contact line based on two molecular dynamic parameters: the frequency of molecular
vibration in the microscopic region (κ0) and the average distance between molecular adsorption sites
on the solid surface (λ).

In Equation (5), kB denotes the Boltzmann constant, and T represents the environment
temperature with the unit in Kelvin.

As shown in Figure 6, λ presents the average distance between two adsorption sites
that are located next to each other. These adsorption sites are the sites on the solid surface
at which the liquid molecules attach or detach. κ0 highlights the mean frequency of the
molecular activity (molecular attachment/detachment on these adsorption sites) at the
equilibrium condition.

4.2. Hydrodynamics Model

The hydrodynamics model explains the fluid dynamics near the moving contact line
in the macroscopic region using Navier–Stokes equations for two-dimensional steady
state flow based on lubrication assumption. Moreover, the hydrodynamics model applies
the matched asymptotic expansions approach on the viscous bending of the liquid-free
interface in the mesoscopic region of the flow (Figure 7). To resolve the issue of the
violating boundary condition along the solid–liquid interface, at the moving contact
line, it is assumed that the conventional no-slip boundary condition at the solid–liquid
interface in the microscopic region must be relaxed over a distance known as the slip
length (δs) [7,8,23,39,113,117–119].
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Figure 7. Schematic illustration of the physics of the moving contact line using hydrodynamics theory,
which is based on bending of the liquid-free interface due to viscous effect at the vicinity of the
moving contact line. Hydrodynamics theory considers two regions of the contact line: macroscopic
(viscous bending) and mesoscopic (assumes Young static contact angle).

The conventional stress singularity at the moving contact line is relaxed within a
distance called the slip length (δs), which is in the order of a few angstroms [4]. The slip
length is related to the contact line speed and the liquid physical properties [4]. Accordingly,
the slip length is defined by the capillary length (Lcap) and the capillary number (Ca):
δs = LcapCa1/3 [4]. The capillary length shows the relative significance of the surface

tension over gravity: Lcap =
√

σ
ρg .

The hydrodynamics model depends on droplet size. For a large droplet (radius is
larger than the capillary length), indeed there are two regions of interest in the contact line
dynamics. However, for a small droplet, it is all about the mesoscopic region. Therefore, the
hydrodynamics model determines the relation between the macroscopic dynamic contact
angle (θD) to the capillary number (Ca) and the mesoscopic static contact angle (θm) in the
inner region based on the viscous bending of the liquid-free interface in the mesoscopic
region (Equations (6) and (7)) [7,8,23,39,113,117–119]:

θD
3 − θm

3 = ±9Caln
(

L
δs

)
, θD ≤ 3π

4
(6)

9π
4

ln
{

1 − cos θD

1 + cos θD

}
+ (π− θD)

3 − θm
3 = ±9Caln

(
L
δs

)
, θD ≥ 3π

4
(7)

where L denotes the macroscopic characteristic length, δs presents the microscopic charac-
teristic length (slip length), and the capillary number is the ratio of the viscous force over
interfacial force: Ca = µu/σ in which µ is the viscosity and σ is the surface tension.

4.3. Combined Model: Molecular Kinetic Model + Hydrodynamics Model

The combined model involves molecular kinetic theory and hydrodynamics theory to
replace the constant mesoscopic static angle with the non-hydrodynamic variable static
contact angle in the hydrodynamics model [3,114,181,293] as formulated in Equation (8):

θD
3 −

(
cos−1

[
cos θ0 ±

(
2kBT
σλ2

)
sinh−1

( v
2κ0λ

)])3
= ±9Caln

(
L
δs

)
(8)
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The combined model claims that, by assigning a proper value for the three experimen-
tally fitting parameters (κ0, λ, δs), the physics of the contact line can be fairly estimated by
the combination of the hydrodynamics and molecular kinetic theories [3,114,181].

The accuracy of the combined model strongly depends on the level of precision in
the fitting analyses for determining the molecular kinetic and hydrodynamics parameters.
There is a high possibility of overfitting, which leads to a significant weakness in its
reliability. As a result, this model might not be a suitable model for applications that require
strong precision and accuracy, such as healthcare, medicine, and biosensors.

4.4. Precursor Film Model

The physics of the dynamic contact line has been formulated by assuming the presence
of a very thin layer of liquid well ahead of the contact line moving much faster than the
apparent moving contact line [50,106,155] (Figure 8). The moving contact line dynamics
were derived based on the precursor film by applying the absolute speed of molecular
reactions based on molecular kinetic theory [60,106].
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the forefront of the advancing thin layer of droplet spreading.

In this model, the speed of the moving contact line was claimed to be driven by
the sum of works done by van der Waals forces (WVDW), polar molecular forces (Wpolar),
geometric forces (Wgeometry), and any other type of forces, such as electric and/or magnetic
forces (Wother). Therefore, the moving contact line velocity was formulated by Equation (9):

U = 2κ0λsinh

λ2
(

WVDW + Wpolar + Wgeometry + Wother

)
2kBT

 (9)

It is important to note that the precursor film model requires very advanced computa-
tional tools with the help of supercomputers and state-of-the-art quantum computations to
explain the physics of the moving contact line.

4.5. Shikhmurzaev Model

Shikhmurzaev considered the changes in interfacial tension forces in the microscopic
region as the contact line moves on the solid surface and modeled the physics of the



Fluids 2024, 9, 223 14 of 28

moving contact line by applying the Navier–Stokes equations and the generalized Navier
boundary conditions [269–271]. In the Shikhmurzaev model, the dynamic contact angle
is postulated to be deviated from the classical Young static contact angle due to changes
in the interfacial tensions from their equilibrium values at the static condition in the
microscopic region [269–271]. The current Shikhmurzaev model is only applicable for
smooth, chemically homogeneous solid surfaces.

4.6. Cahn–Hilliard–van der Waals Model

Cahn–Hilliard theory and van der Waals theory together explain the physics of the
moving contact line via determining the dependency of the mesoscopic dynamic contact
angle to the speed of the moving contact line [81–85,113]. In this model, the liquid–gas
interface is an ultrathin layer (i.e., order of a few nanometer thickness) through which liquid
properties vary significantly. They formulated their model by assuming the diffusion of
the molecules across the interface. This model could resolve the long-standing challenging
stress singularity boundary condition at the moving contact line, which was presented
in the hydrodynamics model. This model can only be applied explicitly by powerful
computational tools.

This model is suitable for liquids with multiple phases. Therefore, it has a promising
potential application in healthcare and medicine in which the liquid droplets are composed
of heterogeneous constituents, such as various proteins, hormones, enzymes, antibodies,
etc. However, for its application on flexible biocompatible–biodegradable solid surfaces, it
needs very serious modifications, as this model does not take into account the influence
of the outer and inner regions on the dynamics of the moving contact line. The integral
mechanical energy balance formula, derived from the generalized transport theorem as
proposed by Slattery et al. 2007, could be the starting point to enhance the applicability of
the Cahn–Hilliard–van der Waals model for biological droplet impact on biomaterials [74].

5. Future Directions

The printing of micro- and nanobiological droplets on wearable and biocompatible
materials has been the center of attention in numerous modern technologies, such as
smart biomaterials and advanced biosensors [200,225–232]. Droplets can contain biological
samples and a suspension of micro- and nanosolid particles. In the bioprinting technique, it
is extremely important for precise and controllable dispersion of micro- and nanodroplets
on a solid surface. The state-of-the-art bioprinting approach can be applied for printing of
numerous types of active complex biological droplets with desired sizes and components
on biocompatible–wearable materials and elastic surfaces [200,225–229].

5.1. Future of Personalized Healthcare and Medicine by Wearable Biosensors

Promptly advancing research in personalized healthcare and medicine has shed light
on the transformation of conventional healthcare and medicine. Wearable biosensors, which
can monitor and control the physiological conditions of an individual and possibly treat
lift-threatening diseases, present an extremely popular research topic for modern society.

Highly error-free biosensors with flexible and elastic biocompatible and biodegrad-
able materials in healthcare demand extremely accurate formation of droplets that are
composed of active biological macromolecules, such as proteins, enzymes, living cells,
hormones, bacteria, viruses, and antibodies, onto the complex materials. Therefore, the
previous findings for the maximum spreading parameter and the conventional theoretical–
experimental–numerical approximations for simple liquids and solids are not appropriate
for such highly demanding applications in healthcare and medicine.

It is important to expand the research in this field by utilizing multidisciplinary tech-
niques covering various scientific disciplines, including biology, biochemistry, biophysics,
interfacial physics, and electromagnetic physics, along with the use of state-of-the-art
techniques, including deep neural networks, cryogenic electron microscopy, and quan-
tum computing tools to harness the application of all aspects of the moving contact line
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physics in all three regions of interest (macroscopic, mesoscopic, microscopic) as all regions
equivalently contribute to the droplet motion for such complex systems.

Furthermore, it is extremely vital to simultaneously apply all physical models: molec-
ular kinetic, hydrodynamics, precursor film, Shikhmurzaev, and Chan–Hilliard–van der
Waals. Molecular kinetic describes activity in the microscopic region, hydrodynamics
explains the macroscopic region with a connection with the mesoscopic zone, precursor
film theory explicitly describes the molecular structure of the advanced microscopic region
well ahead of the apparent contact line, Shikhmurzaev focuses on the changes in interfacial
tensions due to activity of the molecules in the microscopic–mesoscopic zone, and Chan–
Hilliard–van der Waals specifies the inter- and intra-molecular interactions via interface
diffusion in the mesoscopic region. All three regions simultaneously interact with each
other and subsequently influence the moving contact line for complex active biological
droplets on an elaborate biocompatible–biodegradable solid surface.

Moreover, this highly demanding application becomes more complex when consid-
ering the application for personalized medicine. In personalized medicine, it is vital to
consider all various physiological conditions of each specific individual. Therefore, the cur-
rent physical models of the droplet moving contact line need to be revisited and modified
to be applicable for complex physical situations in healthcare and medicine. Almost all
these contact line dynamics models are explicitly suitable for simple conditions.

5.2. Nanodroplet Impact

Nanobioprinting is an innovative method for advancements in healthcare and medicine.
In nanobioprinting, droplets with nanometer diameters are deposited on biocompatible
materials. Consequently, it requires a considerably high level of precision and accuracy.
This can be accomplished by controlling the contact line motion with high resolution on the
surface. In nanobioprinting, it is vital to look deeply in the microscopic region and the influ-
ence of the mesoscopic region on the microscopic space. Therefore, connecting the multiple
models of contact line dynamics is very crucial. Achievement of this goal needs ultra-fast
imaging with extremely high resolution in sub-angstrom, such as the cryogenic electron
microscope and the atomic force microscope. For validation of the experimental results, one
needs to utilize high-performance computational tools and state-of-the-art neural networks
and artificial intelligence on the large pool of data extracted from the experiments.

5.3. Physical Models of the Moving Contact Line: Limitations

Previous works that applied the energy equation reported approximate relations be-
tween the maximum spreading parameter and other non-dimensional parameters by only
focusing on the mechanical energy. This is not a correct approach from energy conservation
as the other forms of energy, including internal energy due to chemical/physical interac-
tions between molecules, the thermal energy, as well as the entropy of the system, must be
taken into account.

All current contact line models only look at the macroscopic region and/or mesoscopic
region. This is not sufficient for applications in healthcare and medicine as they require
high precision and accuracy in controlling the biological droplet contact line motion on
an elastic stretchable biocompatible solid surface. Especially for nanobioprinting, tissue
engineering, and artificial organs, it is extremely vital to look at the biological droplet
contact line in nanoscale within the wide area of the microscopic region.

The current form of the molecular kinetic model is suitable to qualitatively describe
the contact line dynamics. This limitation can be resolved by applying the power of neural
networks and machine learning on the large pool of experimental observations obtained
from the case of biological droplet impact dynamics to generate a quantitatively analytical
formulation for the molecular kinetics parameters (κ0 and λ).

The conventional hydrodynamics model is generally limited to the case of Newtonian
solutions. The biological solutions are non-Newtonian. The hydrodynamics model needs
to be revisited and modified to incorporate the role of non-Newtonian rheological charac-
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teristics of the droplet in the model. This can be achieved by conducting experiments on
impacting of biological droplets with various components, such as proteins, hormones, live
cells, antibodies, live bacteria and viruses, etc., and taking advantage of the observations
and state-of-the-art machine learning to revise the current model of hydrodynamics.

The credibility of the presence of an advancing thin layer ahead of the apparent
moving contact line must be widely studied. The concept of precursor film is very critical
for the case of bioprinting as it requires high precision and accuracy in nanoscale. The
investigation in this area can be conducted by applying state-of-the-art nanotechnology
and high-resolution imaging techniques, including atomic force microscopy and cryogenic
electron microscopy.

Furthermore, almost all previous works only considered Newtonian or homogeneous
droplets. In healthcare and medicine, droplets are non-Newtonian with active chem-
ical/physical/biological interactions between biomacromolecules, such as living cells,
bacteria, peptides, proteins, enzymes, and hormones, with very long complex molecular or
self-assembled structures whose chemical and biophysical interactions with each other and
the solid surface significantly influence the droplet contact line motion. These factors must
be monitored by ultra-fast imaging techniques such as AFM with sub-angstrom resolution
to resolve the chemical binding between biomacromolecules.

5.4. Evaporative Droplets

The contact line motion of evaporative biological droplets on biocompatible materials
has significant interest in advanced biosensors for personalized healthcare. The coffee ring
formation during the drying stage of the printed biological droplets could tremendously
influence the reliability, precision, and accuracy of the bioprinting performance. The power
of control on the dynamics of the moving contact line on such surfaces is extremely vital.
Therefore, the volatility of the biological droplets must be taken into account and controlled
during spreading. This can only be achieved by considering multiple physical models of
the contact line that consider the influence of hydrodynamics in the macroscopic level on
the drying events within the microscopic region. As a result, this requires the application
of molecular kinetic, hydrodynamics, Chan–Hilliard–van der Waals, Shikhmurzaev, and,
especially, precursor film. The inner region of the contact line, including the thin layer ahead
of the apparent moving contact line, should be monitored using atomic force microscopy.

5.5. Heterogenous Biological Droplets

Biological droplets used in bioprinting and biosensors are commonly composed of
numerous suspended biomacromolecules of different sizes, shapes, and chemical and
physical properties. To provide high reliability, precision, and control of bioprinting
techniques and biosensors, it is important to consider these factors during spreading of
the impacting biological droplets. This challenge needs to be addressed by applying
state-of-the-art technologies such as atomic force microscopy to monitor the contact line
motion of such complex droplets and model the physics of such events by applying
molecular kinetic, modified hydrodynamics, precursor film, Cahn–Hilliard–van der Waals,
and Shikhmurzaev theories.

5.6. Future Perspective: Multi-Disciplinary Research

The innovative 3D bioprinting has the astonishing advantage to produce a wide
range of functional biomaterials. This fascinating bioprinting technique can be utilized for
numerous biomedical purposes, such as gene expression analysis, state-of-the-art stem cell
research, artificial living organs, tissue engineering, advanced biosensors, and production
of printed advanced biomaterials, which consist of living cells, DNA, bacteria, viruses, and
proteins [200,225–229].

Considering the serious necessity for rapidly advancing bioprinting and biosensor
technology, future research is expected to focus on applying the emerging technologies in
electron microscopy, such as cryogenic electron microscopy, which is suitable for active
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biological droplets, high-resolution atomic force microscopy, and a physics-informed data-
driven approach for the science of droplet contact line dynamics after impact on materials
(i.e., biocompatible, biodegradable, wearable) (Figure 9). It is important to apply all five
current physical models of the moving contact line, as all three regions of the dynamic
contact line need to be investigated for healthcare applications.
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Cell culture technique is a very common technique in biomedical research. In cell cul-
ture, the deposition of a precise amount of a cell-media droplet, such as human mitral valve
interstitial cells diluted in full serum media on a collagen-coated plate for biomechanics
studies of mitral valve diseases, is extremely critical for complete prevention of evaporation
of the media on the cell culture plate and perfectly regulates the number of cells on the
collagen-coated plate for gene analysis. Therefore, it is strongly vital to consider all theo-
retical models, including molecular kinetic theory, hydrodynamics theory, and precursor
film, to evaluate the exact amount of live cell deposition on the collagen-coated plate via
considering the evaporation of the precursor film of the cell-media solution droplet. These
considerations have not yet been attempted.

This review article aims to highlight the drawbacks and limitations of the capabilities
of the current physical models of droplet contact line dynamics upon impact in regard to
its applicability and importance in biomedical research. The goal of this review article is
to provide future road maps for research scientists in complex biological droplet impact
upon a flexible plate and its contact line dynamics in various subjects of biomedicine and
biomedical research, which have not been studied. The achievement of this goal requires
revisiting the current physical models of the droplet liquid contact line upon impact on
various solid surfaces. As of now, most works were experimental. The experimental
data provide insights on the reality of each specific biophysical problem in the topic of
the intersection of droplet impact dynamics and biomedicine. However, the experimental
attempts do not provide a general thorough understanding of the various cases of biological
droplet impact dynamics even for similar cases in biomedicine. Therefore, this review
article emphasizes urgent advancements of the current versions of the physical models of
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contact line dynamics of the biological droplets upon impact on solid plates by considering
major revisions on all five physical models of the droplet contact line and combining them
together to create a global physical model for droplet contact line dynamics to be applicable
on the complex biofluid droplets in various topics of biomedical research.
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